A detailed analysis ~fthe valence molecular orbitals (MO) in Cr(CO) 6 , Mo(CO) 6 , and W(CO) 6 is present~d. A generahzed bonding scheme, which includes participation ofmetalp electrons in the metal:-hga~d-bond, emerge~ from our results. The metal p electrons are also responsible for effectmg mixmgs between different sets of carbonyl 5a and l 1r orbitals. In these hexacarbonyls this "a'' + "1r" metal-ligand bonding contribution is quantitatively as significant as the well ' known a donation and 1r-back-donation components. The MO's obtained with the Dirac scattered-wave (DSW) method are also used to determine the importance of relativistic effects in thi~ series. The Dsw_ results show that even in W(CO) 6 , relativistic effects are qualitatively ummportant. Extensive comparisons with existing theoretical and experimental data are made for both ground-state and transition-state calculations.
I. INTRODUCTION
The nature of the metal-ligand bond in carbonyl complexes has been extensively studied in the past two decades. 1 -3 The metal carbonyl molecules are sometimes used as model systems for CO chemisorption on metal catalysts, l-4 and as such, they are thought to share some common bonding characteristics. The current understanding of the electronic structure of terminally bonded metal carbonyls is largely based on two charge transfer mechanisms. First, the so-called CO 5CT donation to metal d orbitals was believed to be the principal mechanism. Then theoretical and experimental data for most carbonyl complexes indicate that significant back-donation from metal d to CO 21r* also exists.
-
7 The participation of other orbitals has been recognized8-1 3 but detailed quantitative descriptions are lacking.
The metal hexacarbonyl molecules, M(CO) 6 , M = Cr, Mo, and W, feature two attractive properties which make a detailed investigation of the metal-ligand bond feasible. There is only one metal atom, hence no metal-metal interactions. The carbonyls are octahedrally bonded to the metal atom, resulting in the Oh point group symmetry. Bonding analysis for a high-symmetry system is generally easier. A third attraction for studying this series is that one can follow the effects ofrelativity down the column of the periodic table from Cr to W, with molecules that are computationally manageable under most molecular orbital (MO) methods.
The purpose of this paper is to present a detailed bonding analysis for the three hexacarbonyls, and to clarify some issues concerning charge transfers between metal and ligands. From this analysis, a complete and generalized description of the metal-ligand bond will emerge. The bonding analysis is based on MO calculations with the self-consistent-Xa-Dirac-scattered-wave method. 1 4-16 Comparisons of both ground state and transition state results with existing theoretical and experimental data are made whenever possible. It should be pointed out at the outset that some of the ground state comparisons can only be considered as partial, since all existing data were obtained based on the traditional (5CT-d, d-21r*) bonding picture, which we will show to be incomplete.
The organization of this paper is as follows. Section II outlines the calculational procedure. Section III presents the ground state results for all three carbonyls under individual subsections. The generalized bonding scheme is discussed in Sec. IV and transition state results are given in Sec. V.
II. DSW CALCULATIONS
The self-consistent-field-Xa-Dirac-scattered-wave (DSW) molecular orbital method is a relativistic extension (in the Dirac equation framework) of the nonrelativistic multiple-scattering or scattered-wave technique originally proposed by Slater 17 and subsequently developed by Johnson. 18 The DSW methodology was developed by Yang and coworkers 14-16• 19-21 and has been applied to many systems ranging from diatomic molecules to large (20- a comp exes. · · e a 1v1st1c e ects are important m understanding most metal-ligand bonds, especially those involving fourth-or fifth-row transition metals. It has been shown in the clusters COPt" 23 · 24 that relativistic effects play significant roles in the sd hybridization and metal-molecule bonding. We will attempt to demonstrate in this paper how relativistic effects increase going down the column of the periodic table from Cr to W. The parameters used for the calculations are given in Table I . Two bases were used for each molecule: one "minimal," with partial waves l<A, l <, 2, and /<, 1, for the outer, metal, and ligand spheres respectively; the second "extended," with partial waves expansions truncated at / = 4 and l = 2 for the metal and ligand spheres, respectively. Similar extended basis calculations have been reported in previous nonrelativistic Xa-SW and Hartree-Fock-Slater-discrete variational method (DVM) calculations on the lighter members of this series.
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Our results using these two bases showed that while the orbital wave functions are not significantly affected going from the minimal to the extended, the ionization energies (IE) generally improve by about 0.5 eV. Thus, to simplify matters, our analyses of ground state results will be based on minimal basis results, while both minimal and extended results will be given for IE's.
The nonrelativistic limit ( C---+ oo) was taken for each calculation. As one would expect, relativistic effects become increasingly important going down the column of the periodic table from Cr to W. But as we showed previously, 25 even in W(C0) 6 , relativistic effects are qualitatively unimportant. In the next section, we will elaborate further on the role of relativity.
Overlapping spheres ( 10% M-C and 20% C-0) were used as before. 25 The calculational parameters are listed in Table I , and the basis functions for Oh double group symmetry were generated according to the symmetrization scheme described by Yang. 
Ill. GROUND STATE RESULTS
Valence molecular orbital (MO) energies for CO, Cr(CO) 6 , Mo(CO) 6 , and W(CO) 6 are shown in Fig. 1 . Some 
A. Cr(CO)a
This molecule has been extensively studied, both experimentally2-4·6·7·29 and theoretically, 8 -13 as a model system for transition metal-carbon monoxide bonding, in which the a donation by the carbonyl is described as being accompanied by 21T* back-donation from the metal. 3 · 7 · 8 - 13 The nature of the metal-ligand interaction has been the subject of some controversy among many calculations with varying degrees of sophistication, namely, Xa-SW 13 Despite the fact that the Dirac rather than the Schrodinger equation is used, our calculations for Cr(CO) 6 , which is very much a nonrelativistic system, are basically equivalent to previous Xa ones. 9 -12 Another consideration in comparing our results with others is how charge distributions are computed under different methods. These distributions may be obtained from projections onto basis sets, 12 from partitioning the intersphere and outer sphere charges among the atoms (as in this study), 27 or from Mulliken population analysis. 8 · 9 ·' '· 13 Hence, charge distributions from these calculations may differ considerably.
Comparing our results with other SW calculations, we note that ours show a rather uniform energy shift with respect to the nonrelativistic results reported by Johnson and Klemperer (JK). '
0 Since this molecule is basically nonrelativistic, we attribute this shift to be a result of the different accounting of intersphere charges due to overlapping spheres and slightly different calculational parameters. Another significant difference between ours and JK is the 4a bandwidth. JK report very little ligand-field splitting for this band while our results show a bandwidth of0.8 eV. Xa-DVM calculations, 28 on the other hand, give a bandwidth of 1.5 eV compared with the experimental value of 1.8 eV. 29 The total valence populations are given in Table II . The small differences between NR and DSW populations can be understood by remembering that in the metal atom, relativistic effects generally lower the s and p orbital energies, but raise the d. Thus, in the molecule, the 4s and 4p populations of chromium increase by 0.01 and 0.001, respectively, while the 4d population decreases by 0.02 electrons. Within the d populations d 3 12 orbitals are slightly favored over d 512 ; the ratio of l + 1/2 to / -1/2 is 1.48 in the DSW calculation, while the NR limit is 1.5. From these ratios given in Table II and the orbital energy diagram, it becomes apparent that relativistic effects in this molecule are negligible, as expected, since Cr is a member of the first transition metal series.
The t 28 band consists of a two-fold 2e 38 and a fourfold 6q 8 . These two orbitals contain primarily metal d character, with some 21T* and l 1T ligand contributions. They represent a 0.04 e V splitting oft 28 due to the small metal d 3 12 (Fig. 2) . These charge distributions further confirm that the small splitting of 0.04 eV is due mainly to spin-orbit interactions.
The metal d populations given in Table III in the e 2 g orbital in each of the Sa-and 4a-bands, as dictated by symmetry.
The ligand orbitals oft iu nonrelativistic symmetry are split, largely due to spin-orbit interaction of the 4p 3 12 and 4p 112 metal contents, into the twofold degenerate e 2 u and fourfold degenerate qu orbitals. In Cr(CO) 6 , these splittings are all inconsequentially small. The metal-ligand admixtures in these orbitals are probably related to the Sa--1-rr mixing. For example, from Table III (A), the Squ and 4e 2 u orbitals contain 42% and 26% Sa-character, respectively, while their 1-rr contents are 51 % and 67%. The balance consists entirely of metal p character. The total amount of metal 4p character in the three t iu orbitals represents a ligand donation to metal of 1.89 electrons, of which 1.34 electrons are donated by the Sa-band, and only 0.41 electron is donated by the 1-rr. The ligand donation to Cr 4s takes place only in the Our analysis of the metal-carbonyl bond so far is based on the DSW orbital populations of the molecule. No approximations or simplifications beyond those inherent in the MO method have been employed. Thus, from the charge transfer summary in Table IV , we can conclude that metals, p, and d as well as ligand 4a-, Sa-, 1-rr, and 2-rr* all participate in the metal-ligand bonding. However, in order to compare our results with existing data, we have to keep in mind the simplified description of the metal-carbonyl bond in terms of charge transfers between only metal d and ligand Sa-and 2-rr* orbitals. 7 -13 In view of this "partial" bonding picture adopted by others, we present a detailed comparison of some of our orbital populations with existing theoretical and experimental values (Table V) . The metal 4s and 4p contributions are omitted since they are not addressed under this simplified bonding picture. In general, our results compare rather well with others. We hasten to reiterate, however, that the (d-.2-rr*, Sa--d) bonding picture is incomplete, as we will discuss in more detail in Sec. IV.
In arriving at the net charge transfer of0.46 electron per carbonyl from ligand to chromium, we have taken every molecular orbital into account. It would be both difficult and misleading to compare this value with other estimates, 0. , and zero, 7 which were all obtained with the partial bonding picture.
Mo(CO)e
Valence molecular orbital energies for Mo(CO) 6 are also shown in Fig. l From the detailed population analysis given in Table III  (B) , we find that in the 1-ir band there are 0.51 electron and 0.45 electron donated from the ligands to the Mo Sp and 4d orbitals respectively. The latter donation constitutes the d (t 2 g) contribution to the l 1rband, as in Cr(CO) 6 • Since there is no metals character in the l 1T band, the total ligand donation to the metal in this band amounts to 0.96 electron. The So-band shows ligand donations to the 5s, Sp, and 4d metal orbitals of0.54, 1.25, and 1.51 electrons, respectively. As in Cr(CO) 6 , the 4d population in So-consists almost entirely of metald (e 8 ), with negligibled (t 2 g) contamination. The ligand donations from the 4o-band to the 5s, Sp, and 4d metal orbitals are 0.26, 0.10, and 0.32 electron, respectively, which are considerably less than those from So-. For M---+L, we find that there are 1.65 and 0.48 electrons back-donated from the metal to the 21r* and l 1r ligand orbitals, respectively. To summarize, the total L---+M donations add up to 4.94 electrons, while the M---+L back-donation amounts to 2.13 electrons. Hence, as we point out earlier, a net transfer of 0.47 electron from each ligand molecule results. The total metal d population consists of30% d (eg) and 70% d (t 2 g ), compared with the corresponding values of28% and 72% in Cr(COk The 4o-bandwidth of 0.4 eV is only half of its counterpart in Cr(CO) 6 , as it contains considerably less metals character. The situation in the So-band is different, however, since both bandwidths ( ~ 2 eV) and metal contents are similar in the two molecules. Small relativistic effects are evident in the 0.15 e V spin-orbit splitting of 3t I u into 3qu and 3e 2 u . As in Cr(CO) 6 , the spin-orbit splitting originates from the metal p character contained in these two orbitals. The large separation between this t I u complex and the other two orbitals within the So-band is probably due to increased l 1r-5o-hybridization in 3t iu. 6 Since the general features of the valence electronic structure of this molecule (see Fig. 1 ) were discussed in a previous communication, 25 we will focus here on a comparative study of W(CO) 6 with its lighter counterparts. As we have demonstrated previously, 25 the relativistic effects in this molecule, which is the heaviest of the three carbonyls, are qualitatively unimportant. From the preceding discussion, we see that Cr(CO) 6 is clearly a nonrelativistic system, while relativistic effects in Mo(CO) 6 are far from being quantitatively significant. In W(CO) 6 , although measurable spinorbit splittings exist, 6 • 29 the general nature of the metal-ligand bond could be correctly described using a purely nonrelativistic treatment.
C. W(C0)
Since W is the heaviest metal atom of the three, the t 2 g (HOMO) spin-orbit splitting ( ~0.3 eV) in this carbonyl is the largest. Also the(/+ 1/2)/(/ -1/2) ratios shown in Table II deviate more from their NR limits. From the orbital populations given in Table III (C), we note that as in the other two carbonyls the l 1r band contains the smallest amount of metal character, while the So-, 4o-, and t 2 g bands show significant metal contribution from the 6s, 6p, and Sd W orbitals. The computed total ligand donation from l1r to Wis 0.86 electron, of which 0.36 electron is transferred to 6p. The remaining charge goes to Sd. Similar to the other carbonyls, the metal-ligand interactions are most pronounced in the 5o-complex, where metals, p, and d orbitals are all present. In particular, the total ligand donation to W from So-amounts to 3.17 electrons, of which 1.37 electrons are donated to 6p, 1.38 electrons to Sd, and 0.42 electron to 6s. A unique feature of this So-band is the 0.53 eV separation of 3qu and 3e 2 u. This splitting is mainly a result of the 6p 31 2 -6p 112 spin-orbit interaction, which is considerable for W. This large splitting, combined with the 50--l 1r hybridization present in these two orbitals, effectively widens the So-bandwidth to about 2.5 eV, which is almost 0.5 eV larger than those in the lighter carbonyls. The 4o-bandwidth is about 0.8 e V, a consequence of both ligand field effects and the relativistic stabilization of the 2e 2 g orbital, which contains 25% W 6s character. The total ligand donation from this band amounts to 1.09 electrons.
Again, similar to the others, the M---+L back-donation takes place in the t 2 g band. The back-donated charges to the 21r* and l 1r ligand orbitals are 1.84 and 0.53 electron, respectively, giving rise to a total back-donation of 2.37 electrons. If we add up the charges donated from l 1r, So-, and 4o-, we obtain a total L---+M donation of 5.12 electrons. Hence, the net charge transfer is again L---+M, with 0.46 electron per ligand molecule. As one can see in Table IV , this result is almost invariant for all three carbonyls.
IV. GENERAL BONDING PICTURE
An interesting consequence of the octahedral symmetry of these molecules is that there is a clear grouping pattern of a and 1r M-C and C-O bonds. This pattern is illustrated in a schematic diagram shown in Fig. 6 . There are essentially three types of metal-ligand bonds, each of which was analyzed separately in the preceding paragraphs. First, the d (t ig) + C01r bond is formed largely as a result of21r* backdonation. This is a 1r metal-ligand bond as clearly shown in the 6qg contour map (Fig. 2) . The second bond is one that involves hybridization of a and 1r and, at least for these molecules, is shown to be equally important as the others. 30 This bond is made up of three t iu orbitals, namely, (5qu, 4e 2 u), (3qu, 3e 2 u ), and (2qu, 2e 2 u ). From the contour maps for 5qu and 3qu (Figs. 4 and 5) , and the population analysis, we conclude that this bond is formed by mixing a orbitals of one set of carbonyls ("longitudinal") with 1T orbitals of another set ("transverse") through p orbitals of the metal. The longitudinal (parallel top) metal-ligand bond is a, while the transverse is 1T. Hence, we denote this p + CO(a + 1r) bond by a+ 1r. We also note that the Sq u orbital (Fig. 4) shows I 1r-5a ligand-ligand antibonding character, whereas 3qu (Fig. 5) contains l 1r-Sa ligand-ligand bonding contributions. The third metal-ligand bonding type is the well known a donation, resulting obviously in a a metal-ligand bond (Fig. 3) .
There are two issues surrounding the exact roles played by each of these three bonding types. The first concerns which orbitals within the valence complex (excluding 3a) exhibit these bonding characteristics. The answer to this can be determined partly from symmetry considerations and partly from population analysis. Single-group symmetry requires that the 1T type could be present in any t 2 g orbitals, the a in eg and a lg, and the a + 1T in t I u. Thus, for this class of molecules, we can find 1T in t 2 g and l 1r bands, a in Sa and 4a, and a+ 1T in 11r, 5a, and 4a. For Cr(CO) 6 (and the other two as well), 1r is found mainly in t 2 g, with a small contribution from le 3 g and 4qg in l1r [Tables III (A)-III(C)] . However, this l 1r contribution, which consists of donation to d (t 2 g) by almost the same amount backdonated by d (t 2 g) to l 1r, effectively brings about an almost purely 21r* back-donation metal-ligand 1T bond. The a bond is present in the qg (eg) and e 2 g (a 1 g) orbitals of 5a and 4a, whereas a+ 1T manifests itself in three t iu orbitals as discussed above. While double-group considerations alter this pattern somewhat, a close comparison between Tables III (C) and III (D) reveals that even for W(C0) 6 , the charge transfer between metal and ligand is not substantially affected by relativity. In fact, the major redistribution of charges due to relativistic effects occur only among ligands, in the form of different I 1r-5a mixings in q u and e 2 u orbitals within the I 1r-5a complex. Thus the singlegroup picture we subscribe to is essentially accurate for these molecules.
The second issue focuses on the relative importance of each bonding type. While the existence of an exact quantitative representation is debatable, the extent of each bonding type can be characterized qualitatively as follows. The role of the 1r bond largely depends on the amount of 21r* backdonation. The importance of a+ 1T bond is most probably enhanced by increased ligand donation to the metal p orbitals. The amount of charge transferred from ligand to metal d (e g) ands must increase with stronger a metal-ligand bond. For Cr(CO) 6 , where 21r* back-donation amounts to 1.63 electrons, donation to metal p 1.89, and donation to metal d (eg) ands 2.53, all three types are unquestionably present. In fact, one can conclude that 21r* back-donation plays a significant role in the metal-ligand bonding, and it might also be an important factor in the C-O bond weakening as observed in IR and Raman spectra. 31
V. TRANSITION-STATE RESULTS
One way of testing the quality of wave functions determined by a MO method is to compute molecular properties from them and compare with available experimental data. A substantial collection of experimental information exists for these metal hexacarbonyls, such as, UV and x-ray photoelectron spectra As we pointed out earlier, the spin-orbit splitting of the 6 and Mo(CO) 6 might complicate the interpretation of vibrational fine structure. 6 The splitting in W(CO) 6 has been well characterized, 
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The results of other nonrelativistic calculations for Cr(CO) 6 are also given in Table VI 10 is the closest to experiment. This agreement is probably an accident resulting from the unphysical "negative" interphere probability density due to overlapping spheres. The more accurate Xa-DVM, 9 • 11 • 28 which has no space-partitioning requirements, yields rather good comparisons with experiment. While our DSW transition state results fare less well than DVM, due mainly to the space-partitioning approximation in the scattered-wave theory, they are obtained with substantially less computational effort. Moreover, little additional costs are required to extend the calculations to each of the heavier carbonyls. Thus, the DSW method, though quantitatively less accurate, is more versatile and practical for the development and elucidation of detailed bonding trends and relativistic effects down the column or across the row of the periodic Finally, results of transition state calculations, obtained using minimal basis sets, for the lowest d-C0(21r*) transitions are also given in Table VI . The allowed transitions are compared with experimental UV optical absorption results. 3·34 The differences (between ~0.4 eV and 1 eV) are similar to those for the IE's. We attribute this discrepancy to the spin-restricted transition state calculations and correlation effects that are not well represented by this local density functional method. Furthermore, the space-partitioning approximation in the realm of the scattered-wave formalism poses the usual problem, 15 • 16 • 22 and it generally affects the outermost valence and unoccupied orbitals more. This problem is somewhat alleviated by the semiempirical approach of choosing overlapping sphere radii, but the extent of this "correction" is very difficult to assess.
VI. CONCLUSIONS
The calculations presented here represent the first detailed comparative study of an isoelectronic series of molecules using the DSW method. The results have yielded two major findings. First, they confirm a generalized description of the bonding in these molecules. Metal p electrons not only play a significant role in the metal-ligand bond, but they also bring about important mixings between different sets of carbonyl Ser and l 1r orbitals. This er+ 1T metal-ligand bond has been previously ignored in consideration of metal-carbonyl bonding in molecules and in CO chemisorption systems. The second finding provides a definitive answer to the oftenraised question of how important are relativistic effects in these molecules. From our results with the three metal carbonyls, Cr to W down the column of the periodic table, we have concluded that relativistic effects are qualitatively unimportant for the valence orbitals even in W(CO) 6 . 25 Since the DSW method treats relativistic effects fully in the oneelectron local density framework, 16 it poses little difficulty in identifying them for each molecule.
While the method has demonstrated its remarkable ability in establishing bonding trends and elucidating relativistic effects, one must not lose sight of its inherent limitations. As we pointed out in comparing the DSW transition state results with other calculations and with experiments, the local density approximation and the space-partitioning scheme contained in the method generally result in some degree of quantitative inaccuracies. Further, the use of the spin-restricted procedure in transition state calculations may introduce additional correlation-related errors. In order to account for correlation effects in the DSW framework, a configuration interaction approach has recently been proposed.
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Further work on metal carbonyls is in progress. The study involves DSW calculations on fifth-row transition metal carbonyls, 37 from which we hope to understand the bonding trend going across this row of the periodic table. Finally, we believe that the two major findings summarized above are method independent, though the detailed numbers may differ from one method to another. For example, recently reported nonrelativistic results on Ni(CO) 4 using other techniques 38 • 39 showed large populations of metal 4p, though these two cited papers disagree on the extent of the metal 4p participation in the metal-ligand bonding. In the hexacarbonyls considered here, the metal p electrons represent the keys in bringing about mixings between longitudinal u and transverse 1r carbonyl orbitals giving rise to the u + 1T bond. While CO (u + 1r) mixings are not disallowed by symmetry in Ni(CO) 4 , its geometry suggests that the role of the metal p orbitals in effecting such mixings is probably less significant. Since the understanding of metal carbonyl bonding serves as a precursor to gaining insight into the much more complex situation in CO chemisorption, 30 the tools as well as the approach used here seem to be suitable for the latter.
